The ability to control lift in unsteady flows using active flow control is examined experimentally with a three-dimensional, low-aspect-ratio wing and pulsedblowing actuators as the test article. An unsteady flow wind tunnel is used to generate step-like and harmonic oscillations in flow speed and the corresponding fluctuating lift force on the wing. A 'black box' model of the wing response to actuation is obtained using conventional system identification techniques. A robust H ∞ controller is designed with a mixed sensitivity loop-shaping technique, whose objective was to maintain a constant lift in the unsteady flow. The controller is shown to be capable of significant reductions in lift fluctuations given step, harmonic and random input disturbance conditions.
Introduction
Dynamic control of lift is a requirement for maneuvering aircraft, whether the control is done with conventional control surfaces or with modern active flow control actuators. Modern active flow control (AFC) offers the advantage of lift en-hancement and the delay of stall, but the demonstrations of AFC have been done almost exclusively under steady state conditions, i.e., constant flow speed and constant (periodic) actuation, e.g. Neuberger & Wygnanski [1] and Seifert, et al. [2, 3] . Enabling AFC techniques to be useful for aircraft maneuvering requires an understanding of the performance of both the AFC actuator and the flow over the flight vehicle in unsteady flow environments.
The challenge in using AFC to enhance aircraft maneuverability comes from the effects of unsteady aerodynamics and the substantial time delays in the flow response to actuation. A quasi-steady control approach only works at very slow maneuvering speeds, because the static response maps become highly inaccurate in dynamic situations for both the aerodynamic loads and the response to actuation. For example, the time delays in the lift response to actuator transients was found to be quite long in the experiments by Amitay & Glezer [4, 5] on a 2D wing, Darabi & Wygnanski [6, 7] on a 2D wing flap, and Williams, et al. [8] on a 3D wing. Relaxation times of the flow from the actuator's initial transient to the final steady state were found to be on the order of O(5-10 t + ), where t + is the convective time scale, which is time normalized by the external flow speed, U, and the chord length of the wing or flap model, c. This means that a wing will travel 5 -10 chord lengths before its response to a change in actuator settings is complete.
A benchmark experiment was designed to explore the challenges of using AFC in an unsteady flow [9] . The basic idea was to superpose flow speed oscillations on a mean flow to create unsteady lift oscillations from a wing, simulating the effects of a longitudinal gusting flow. A phase-cancellation control system was designed around pulsed-blowing AFC actuators to modulate the lift coefficient, so that the lift oscillations would be suppressed. The first attempts by Williams, et al. [9] at suppressing lift fluctuations in an oscillating flow used a controller based on a quasi-steady model of the aerodynamics and actuator response. The actuators used a pulse-width-modulation approach to modify the lift coefficient. The approach was effective at suppressing harmonic disturbances at the fundamental frequency of 0.2Hz, but introduced a large amount of noise at higher harmonics. The quasi-steady models for the actuator and aerodynamics were the limiting factor in the design.
An improved version of the phase-cancellation approach was demonstrated by Williams, et al. [10] . The improvement accounted for the time delays associated with the unsteady aerodynamics and the actuation. Experimental measurements of the time delays at different flow oscillation frequencies were obtained, and a phase cancelling feed forward controller was designed to suppress lift oscillations at a fixed frequency (1 Hz). Good suppression of the lift oscillations (typically ~ 10 -12dB) was demonstrated at the design frequency, but only at the design point. If the disturbance frequency or amplitude was changed, then the controller would quickly lose effectiveness. Despite the limited bandwidth, the concept of suppressing unsteady lift oscillations with a controller that was correctly tuned for the unsteady aerodynamic effects and the time delays associated with actuation was proved.
Broader bandwidth control is necessary to achieve enhanced maneuverability and gust suppression in actual flight conditions. The objective of the work described in this paper is to use the techniques of modern system identification and control theory to increase the bandwidth of the controller. In particular, the approach developed by Henning, et al. [11] provides a template for designing a modern controller capable of suppressing lift oscillations in the unsteady flow problem. Experiments were conducted at Illinois Institute of Technology and the controllers were designed at Technische Universität Berlin. The methodology and results of the joint effort are described below.
The experimental setup and flow configuration are described in Sec.2. Openloop forcing results and the static response to actuation are discussed in Sec. 3. The closed-loop controller design and experimental results are provided in Sec.4. Finally, the conclusions of the experiment are presented in Sec. 5.
Flow Configuration
The model used in this study was a low-aspect-ratio, low Reynolds number wing mounted on a vertical sting in a wind tunnel. The wing was fixed at α=20deg, which without flow control was in a stalled state. The wind tunnel was equipped with a computer controlled shutter mechanism that changes the resistance to the flow in the wind tunnel. Different waveforms of velocity disturbances can be created, but for this work step-type and harmonic oscillations were used. Oscillation amplitudes up to 10 percent of the mean speed and frequencies up to 3 Hz were achievable.
Experimental Setup
The test article for the experiment was a semi-circular planform wing. The semi-circular planform was chosen because earlier experiments documented the ability of pulsed-blowing actuators to stabilize and modulate the strength of the leading edge vortex and lift, Williams, et al. [12] . The model was constructed from Duraform™ nylon with a selective laser sintering rapid prototyping system. The 3D rapid prototyping system allowed the micro-valve actuators to be embedded inside the model, close to the leading edge. The midspan chord = 0.203m, and the span=.406m. The leading-edge was rounded with a 5:1 elliptic shape, and the thickness to chord ratio was t/c=0.069. The model chord Reynolds numbers ranged from Re c = 47,000 to 109,000.
The experiments were conducted in the Andrew Fejer Unsteady Flow wind tunnel. The wind tunnel is a closed-return type powered by a 40 HP motor with vector drive controller. The maximum speed of the wind tunnel is 30 m/s, but ranged between 3 m/s and 9 m/s for the data presented here. At 3 m/s freestream speed the turbulence level is 0.6 percent over the frequency band from 0.1Hz to 30Hz. The test section dimensions are 0.6 m by 0.6 m by 3.1m long. The coordinate system was defined relative to the force and moment transducer located inside the model. The x-axis is aligned with the streamwise direction, the y-axis is in the spanwise direction, and the z-axis is in the vertical direction relative to the flow in the wind tunnel. The forces and moments about the three principle axes were acquired with a 6-component balance (ATI, Inc. model Nano-17).
The angle of attack of the wing was fixed at α=20 deg., which corresponds to an area ratio blockage of 6 percent. The unsteady nature of the experiments makes it unclear how blockage corrections should be applied; therefore, no blockage corrections were made to the data.
The actuation system was a pulsed-blowing type with variable pressure amplitude. The actuator pressure amplitude was controlled by a Fairchild TA6000 pneumatic transducer, which had an approximate bandwidth of 2Hz. The flow from the pneumatic transducer supplied a plenum inside the wing. The 16 micro valve (Lee, Inc. model LHDA00102) actuators were positioned radially outward along the leading edge of the wing. In typical open-loop actuation the valves are pulsed continuously at 29Hz (St = 1.2 at U = 5m/s).
Open-Loop Control
Maps of the steady state lift response to actuation were obtained as a first step in the controller design. The steady lift (with and without actuation) and the dependence on actuator pressure are described in this section.
Baseline Flow with and without actuation
The smoke wire technique was used to visualize the flow over the midspan of the wing. The baseline flow without actuation is shown in Fig. 2a and the open-loop, continuous forcing case is shown in Fig. 2b . Both cases correspond to a steady freestream speed at 5 m/s. The smoke visualization photograph in Fig. 2b shows the reattached flow pattern that produces a high lift state when the actuators are running continuously at 29Hz.
The effect of continuous actuation can be seen in the lift curves shown in Fig.3 . for a flow speed of 5 m/s. The solid black line shows the lift dependence on angle of attack, α, without actuation. The wing stalls at α = 14 degrees, and at α = 20 degrees the lift decreases to 0.8N, which is the lower lift limit. The upper lift limit is obtained with the actuators pulsing continuously at 25 Hz. The stall is delayed, and the upper lift value (L = 1.2N) is reached. The basic control strategy is to fix the wing at α = 20 degrees, and to change the lift force between the upper and lower limits by changing the supply pressure to the actuators. 
Description of Actuated Flow -Static Map
The static lift response of the wing to continuously pulsed (steady-state) actuation is shown in Fig. 4 . The data were found to scale well when the lift coefficient was plotted against the square-root of the actuator supply pressure coefficient. The supply pressure coefficient is defined as 
Feedback Control
The controller and the design procedure used by Henning, et al. [11] provided a template for the design of the controller used in the current experiment. A modelbased robust controller was designed using the mixed-sensitivity H ∞ control method [14] . The control architecture, system identification, and performance in unsteady flow experiments are described in the following.
Robust Control
The schematic in A model-based dynamic feed forward controller K ff (s) = F(s)G n (s) -1 is used to speed up the reference tracking. Herein G n (s) -1 denotes the inverse of the linear transfer function of a nominal plant model and F(s) denotes a PT1 reference filter needed to obtain a causal transfer function for K ff (s). A robust H ∞ controller K(s) designed by loop-shaping compensates for tracking errors caused by disturbances and modeling errors. In order to account for actuator saturation the control loop is augmented by a dynamic Anti-windup compensator based on a method suggested by Park [13] . It is not shown in Fig. 5 for the sake of conciseness. 
Identification of the plant model
The lift coefficient response to the actuator shown in Fig. 4 is only valid for the static response. A dynamic model G p (s) of the plant is needed for the controller, which can be obtained from experimental data using conventional system identification methods. In this case the compensated input u*(t) corresponding to the square root supply pressure coefficient (C pj 1/2 ) provided to the actuators is varied as a pseudo-random binary signal (PRBS). The output is the measured lift coefficient. Based on the output response to different amplitudes of the input signals at three different flow speeds U = 5 m/s, U = 7 m/s and U = 9 m/s a family of 33 'black box' models is identified using the Prediction-Error-Method. A comparison between the measured response and the simulated output for one identified model for a sample of the pseudo-random input data at one supply pressure condition is shown in Fig. 6 . Figure 6 . Example of pseudo-random input data used to obtain a 'black box' model of the wing's lift response.
A PT1 structure for the model identification yields a reasonable fit of the measured plant output and was therefore used in the identification and control design process. However, recent experiments not shown here suggest that considering a time delay or a higher model order could improve the data fit and control performance.
A nominal model G n (s) is obtained by calculating the mean values of the parameters from all models. The Bode plot of all 33 models and the nominal model shown in figure 7 reveals a small variation in the frequency response of the models. The deviation from the nominal model's frequency response is described by a multiplicative uncertainty
, wherein Δ I (s) denotes a normalized uncertainty with a frequency dependent weight w I (s) comprising all identified transfer functions. 
Mixed sensitivity method of controller design
The mixed-sensitivity method of loop-shaping is used to tune the controller performance, so that robust stability and performance are guaranteed for all models identified over the range of flow speeds from 5 m/s to 9 m/s. In this approach, the loop transfer functions for the sensitivity S = (1-G n K) -1 , the complementary sensitivity T = 1 -S, and KS as a measure for the magnitude of the input signals are weighted with w P (s), w T (s) and w u (s), respectively, to combine several specifications for the controller to be synthesized. Here, 1/|w P (s)| is used to put a lower bound on the bandwidth to suppress disturbances at low frequencies. The weight w T (s) ensures that the magnitude of T rolls off fast enough at high frequencies to avoid transmission of measurement noise. Furthermore, it is chosen such that , ,
in order to guarantee robust stability [14] . Since the magnitude of the uncertainty w I is smaller than unity at all frequencies ω, no limitations on the control design arise from the uncertainty. Finally, 1/|w u (s)| places an upper bound on the magnitude of the control effort. The Bode plots of these transfer functions are shown in Fig. 8 . In order to obtain the controller a cost functional
has to be minimized, wherein K(s) denotes the optimal controller [14] . 
Controller performance in experiments
Step input changes in the freestream speed were used to test the controller. The wing was subjected to a periodic step decrease in velocity from approximately 7.1 m/s to 6.3 m/s, while the controller attempted to maintain a constant reference lift value of 1.4N. Figure 9 shows the phase-averaged lift response over 50 cycles of the controlled case along with the uncontrolled lift. Oscillations in lift occur when the flow speed transient occurs, but these oscillations are damped over time. The controller is successful in maintaining a constant lift near the reference value 1.4 ±0.05N. 
C
The wing was also subjected to a 0.2Hz sinusoidal velocity variation with a mean flow speed of 6.7m/s and amplitude of 0.25m/s. Again the controller attempts to maintain a constant lift. Figure 10 shows the power spectral density of the controlled and uncontrolled fluctuating lift.
Figure. The ability of the controller to maintain a constant lift given a pseudo-random input velocity signal is shown in Fig. 11 . Without control, the lift varies from 0.9 N to 1.4 N. With the controller activated, the lift fluctuation amplitude is significantly reduced. The root mean square value of the fluctuating lift is reduced from 0.14 N without control to 0.028 N with control. The ability to control random inputs is an important step toward developing gust suppression controllers. 
Conclusions
A robust controller was designed with the objective of suppressing freestream flow oscillations over a wide range of unsteady flow conditions in benchmark experiment with a 3D wing. Previous controllers used at IIT were only effective at their design point or under quasi-steady conditions. The controller design procedure used by Henning, et al. [11] for controlling bluff body drag, also proved to be effective for constructing a controller capable of modulating the lift in an unsteady flow situation. A family of 'black box' models was identified using experimental measurements, and a robust H ∞ controller coupled with dynamic feed forward control worked well. The controller presented in this paper was shown to be effective in compensating for step, harmonic, and random input changes in flow speed.
